Abstract: We propose a low-complexity and high-precision symbol synchronization algorithm based on dual-threshold amplitude decision for field programmable gate array-based real-time intensity modulation direct detection orthogonal frequency division multiplexingpassive optical network (OFDM-PON) system. In addition, a new criterion to judge symbol synchronization accuracy is proposed first based on bipolar non-return-to-zero codes in time domain. Experimental results show that 95% synchronization precision rate can be achieved after 25 km standard single-mode fiber transmission with the received optical power as low as -21 dBm. Compared with the previously proposed one threshold symbol synchronization algorithm, the synchronization performance has been greatly improved, which brings a maximum signal bit rate gain of 35% when the received optical power is lower than -16 dBm. Furthermore, it is verified that the proposed algorithm is robust. It has wide transmission range which is applicable for OFDM-PON optical access networks within 100 km and has good sampling frequency offset (SFO) tolerance, which can cover the SFO up to 500 ppm without any discard on synchronization precision rate. Finally, complexity analysis shows that our algorithm has the lowest computational complexity and hardware resource consumption, which account for only 0.9% of system resources without any multipliers.
High-Precision and Low-Complexity Symbol Synchronization Algorithm Based on Dual-Threshold Amplitude Decision for
Real-Time IMDD OFDM-PON
Introduction
To support the rapidly emerging bandwidth-rich multimedia services, it is urgent to increase the transmission capacity of optical access networks. Due to its high reliability and low cost, passive optical network (PON) is widely used and implemented as a high-speed broadband access strategy. Meanwhile, Orthogonal Frequency Division Multiplexing (OFDM) has been successfully introduced into optical fiber communications due to its flexible dynamic bandwidth allocation, high spectral efficiency and strong resistance to dispersion. As shown in Fig. 1 , OFDM-PON enables dynamic subcarrier resources allocation combining the advantages of optical OFDM technology and PONs. Furthermore, the application of OFDM technology can alleviate the cost pressure from expensive optical devices using mature digital signal processing (DSP) in electrical domain and cost-efficient high-frequency microwave devices. Therefore, OFDM-PON has been regarded as a reliable choice for next-generation optical access networks [1] - [2] .
As for OFDM-PON, symbol synchronization algorithms are very important as deviations from the correct synchronization position in the time domain can cause Carrier Interference (ICI) and InterSymbol Interference (ISI) which lead to severe system performance degradation [3] - [5] . In radio communications, symbol synchronization algorithms have been extensively studied and reported [6] - [9] where multiplication and summation operations are performed to produce an autocorrelation contour to realize synchronization. However, for the high-speed OFDM-PON system, the data rate is several orders of magnitude higher than that of the wireless field, thus, from the viewpoint of the practical applications, field programmable gate array (FPGA) based real-time OFDM-PON system is drawing more and more attention where DSP is the main driving force [10] . Since analog-to-digital converters/ digital-to-analog converters (ADCs/DACs) are often operated at sampling rates of tens of GHz [11] in FPGA-based real-time OFDM-PON system and the frequency of the internal clock of the FPGA is only ∼200 MH, the real-time implementation of symbol synchronization must be in a multi-parallel manner. Since the complexity of these required synchronization algorithms increases significantly as the signal bit rate increases, we cannot directly adjust the algorithm [6] - [9] into the optical field. Due to the higher symbol rate of the optical systems, directly applying these complex algorithms will occupy too many valuable FPGA resources and limit the system performance. Applying these algorithms directly to the optical systems brings additional problems. For example, there is an ambiguity caused by the side lobes of the time metric in [8] . When training symbols are affected by dispersion during transmission, it will significantly affect the performance of synchronization [19] .Therefore, it becomes crucial to explore new symbol synchronization algorithms for real-time OFDM-PON system.
During the past several years, different approaches to reduce the complexity of the symbol synchronization algorithm have been proposed in order to achieve high performance of the real-time OFDM-PON system [12] - [15] . [12] - [13] proposed a cyclic prefix (CP)-based symbol synchronization algorithm and experimentally verified in a direct-detection optical OFDM receiver utilizing subtraction and Gaussian windowing. However, this algorithm still requires some multipliers and adders to handle the averaging operation. Reference [14] - [15] proposed a solution based on training symbols. The method is the modification of the Park's algorithm in [8] , which solves the ambiguity caused by the side lobes of the time metric. Meanwhile, in order to apply the algorithm to the real-time FPGA-based optical OFDM system, the multiplication is replaced by the XNOR operator, which is equivalent to a 1-bit cross-correlation, so the computational cost can be reduced. A similar algorithm based on a repetitive preamble with eight short symbols with 1-bit quantization and a hard-wired tree adder is implemented in [16] . Experimental verified that such time synchronization algorithm can perform well even in the case of low complexity and low signal-to-noise ratio through a short cross correlator with an exponential average filter. However, in the aforementioned works, limited information was provided to explain how the accuracy of synchronization is judged and universally applicable criteria are still missing.
Taking the above-mentioned issues into account for the real-time OFDM-PON system, in this paper, we propose a novel two-stage symbol synchronization algorithm based on dual-threshold amplitude decision and perform experimental verification on an FPGA-based real-time OFDM-PON system where the coarse synchronization threshold is used to find the approximate starting position of the frame, and the rigor one is used to perform accurate symbol synchronization. The unique advantages of this paper are summarized as followings:
1) A very simple coarse amplitude threshold decision. Unlike traditional synchronization algorithms that use correlation calculations to obtain the correlation profile, numerical experiments are required to obtain the optimized detection threshold. In this paper, a very simple amplitude threshold through theoretical analysis based on the stable channel characteristics of the optical channel is obtained with amplitude comparison. And a fixed threshold can be used at different signal to noise ratios (SNR), which will greatly simplify the implementation of the algorithm. 2) Time-domain symbol synchronization accuracy criterion. For the traditional method, the performance of symbol synchronization is generally reflected by the bit error ratio (BER) performance. However, BER performance does not depend solely on the performance of the synchronization, so it cannot directly reflect the accuracy of the synchronization. Therefore, in this paper, for the first time, we propose a new criterion of symbol synchronization accuracy based on the time-domain Bipolar NRZ codes which can measure the exact offsets from the ideal symbol synchronization position due to the inaccurate symbol synchronization. Moreover, the proposed criterion can be extended to other various symbol synchronization algorithms used in wireless optical communication. 3) High accuracy and robustness. The synchronization accuracy can be achieved up to 95% by using the proposed algorithm when the received optical power is as low as −21 dBm over FPGA-based real-time IMDD-OFDM PON platform. Due to the high symbol synchronization accuracy, the highest enhancement of signal bit rate is 35% when the received optical power is lower than −16 dBm compared with our previous one threshold algorithm. Furthermore, we verify the robustness of the algorithm from two aspects. First, it proves that the wide transmission distance range indicates that the algorithm can cover the transmission distance requirement of the optical access network within 100 km; Secondly, unlike traditional algorithms that use correlation calculations, timing metrics vary with SFO. Good SFO tolerance for the proposed algorithm has been proved. For SFO up to 500ppm, there is no impact on our precise synchronization. 4) Low computational complexity and low hard resource consumption. Resource analysis and complexity comparison show that our algorithm does not use any multipliers in the implementation and only takes up 0.9% of system resources. To our best knowledge, it is the real-time symbol synchronization algorithm with the lowest computational complexity and hardware resource consumption.
The Operation Principle of Proposed Synchronization Algorithm

Frame Structure and Symbol Synchronization Accuracy Criteria
The adopted OFDM fame structure to realize the low-complexity and high-precision symbol synchronization is shown in Fig. 2 where the Fast Fourier Transform (FFT)/IFFT size is set to 64. We add 80 consecutive time-domain zeros in the preamble at the transmitter to perform coarse synchronization based on amplitude decision. Given the fact that the amplitude decision is highly influenced by the Gaussian-distributed intensity noise, the amplitude will be blurred at the boundary of the leading zeroes which degrades the decision accuracy, as illustrated in Fig. 3 (b). A two-point synchronization header, whose amplitude is set to full operation range of the ADC, is added for accurate synchronization. The two-point synchronization header functions as a timing metric. As shown in Fig. 3 (b), the second threshold is used to find the position of the timing metric.
The next 30 points are detecting sequence, which are used for both identifying the ONUs and measuring the accuracy of the synchronization. They are based on the time-domain Bipolar NRZ codes reported in our previous work [18] . We choose the length of the detect sequence of 30 in order to correctly evaluate the precision of symbol synchronization. Thirty-point detect sequence occupies a very small portion of the overhead and only accounts for 0.36% of the frame length which is negligible for the spectral efficiency. The next 16 samples padding zeros and 32 samples cyclic prefix for training sequence (TS_CP) are utilized to reduce the interference of the detect sequence. Channel estimation is realized by the two FFT sized sample training sequences (TS). The whole OFDM frame consists of 100 data-carrying OFDM symbols and each symbol contains 16 samples CP for easing signal degradation caused by the ICI.
As shown in Fig. 3 (a), zero-value determination for accurate synchronization is based on the 30-point detecting sequence after the synchronization header, which are composed of three fixed identical interleaved sequences: seq 0 [0
From the definition of the detecting sequence, the decision result q associated with the obtained sequence in the receiver side can be expressed as:
Synchronization sequence after decision [q seq 2 , q seq 1 , q seq 0 ] = [111] means there is no deviation for the symbol synchronization. When the synchronization position deviation occurs, the synchronization sequence can be applied to adjust the offset, as explained in Table 1 .
For symbol synchronization, smaller offsets mean higher the accuracy of synchronization. We define the synchronization precision rate as: indicates that there is no deviation in the synchronization and the accuracy is 100%, k 0 is set to 1. The value of k 1 and k 2 is associated with the influence of the synchronization offset, which can be adjusted for different application cases. For example, if one or two-point synchronization offsets are acceptable, both numbers can be set to 1. However, if twopoint offset starts to degrade system performance, k 2 can be given to a small number. The criterion of synchronization precision we proposed is applicable in traditional synchronization algorithms. When the synchronization offset is more than two points, synchronization is considered to be missed and the synchronization rate error defined for such case can be calculated as:
Considering that the 30-point detect sequence consists of three continuous '111' and followed by '000' and so on. In this way, the main lobe bandwidth of the electrical detection sequence is only 1/6 DAC sampling rate, so that the detection sequence is not affected by the system roll-off effect. Therefore, the synchronization accuracy criteria can be extend for higher OFDM transceiver platform as long as more continues '1' or '0' are adopted to represent one bit in logic make the main-lobe bandwidth of the detecting sequence with neglect frequency roll-off effect.
Proposed Symbol Synchronization Algorithm With Dual-Threshold Amplitude Decision
According to the proposed frame structure stated in Section 2.1 and the time-domain ideal and actual fame header shown in Fig. 3.(b) , the operation principle of the algorithm can be divided into two steps.
Step1-Coarse Synchronization: In this step, the absolute value of the received signal amplitude A m is first compared to the chosen coarse threshold Th coarse . Then, it is to determine whether there are 64 consecutive symbols lower than the Th coarse . In order to correctly detect the position of the leading zeros, we set the length of detecting zeros to 64, while the total length of the leading zeros is set to 80. Therefore, we retained 16 surplus points and only looked for the approximate position of the frame header, thus avoiding misjudgment in synchronization in this step. When the 64 consecutive symbols are detected, the synchronization algorithm proceeds to the next step.
As amplitude decision is utilized, it is very important to choose the detection threshold properly. The coarse threshold is affected by the noise and channel characteristics. In order to set the threshold correctly, the coarse synchronization threshold is calculated firstly. We studied the noise distribution of the experimental platform and fit it with Gaussian distribution as shown in Fig. 4(a) and (b). Due to engineering needs and statistical characteristics of Gaussian distribution, we use the noise probability as 10 −7 , and we can get Th coarse :
2σ 2 dA n < 10
where σ is the standard deviation of noise. After calculation, we can see in Fig. 4 that Th coarse = 5σ.
Step2-Accurate Synchronization: In this step, we need to determine the accurate threshold Th accurate to find the accurate synchronization position. The accuracy of the proposed symbol synchronization can be calculated using our proposed synchronization accuracy criteria.
As described in Section 2.1, the amplitude of the synchronization header and the detect sequence is equal to the maximum amplitude of the OFDM frame A max . Therefore, we can set T h accur ate according to the A max . Experimental results show that, the position of the synchronization header can be precisely found as T h accur ate = 0.8 * A max and such accurate threshold is adopted for all the experiments in the followed parts of this paper.
Since the proposed synchronization algorithm is based on amplitude decisions, which is built on a stable fiber channel. And the threshold selection is also related to channel characteristics. Therefore, the proposed algorithm is not only suitable for OFDM-PON system in this paper, but also applicable for other systems with similar channel characteristics, such as the single carrier frequency-division multiplexing (SCFDM) system in [20] . Meanwhile, considering the dispersion problem that may be caused by the longer transmission distance, such as the 320 km SSMF transmission in [21] , the proposed algorithm can still maintain good synchronization performance by adjusting the number of samples of the synchronization header and the leading zeros.
Real-Time Experimental Setup
Fig . 5 shows the experimental setup for characterizing the symbol synchronization algorithm using real-time field programmable gate array (FPGA)-based OFDM receiver. At the transmitter, the data generation and modulation process of OFDM is completed in Matlab. Firstly, an input PRBS sequence is adaptively encoded using a signal modulation format that varies within 2/4/8/16/32/64/128QAM. In order to get a real IFFT output, all of the data modulated on the subcarriers need to satisfy the Hermitian symmetry with respect to their complex conjugate counterparts. After IFFT function, it's to insert a 16-point cyclic prefix to mitigate the ISI caused by chromatic dispersion. After 12-bit quantization and 12 dB digital clipping, we add the 80 zero-valued headers for coarse synchronization, 2-point synchronization header for accurate synchronization and 30 points detect sequence for judging the synchronization accuracy showing in Fig. 2 . As shown in Fig. 5 , a 32-parallel way is taken in our scheme, and the 16 padding zeros also can reduce the complexity of the hardware implementation. After the OFDM framing is completed, the resulting OFDM signal is transmitted to the internal RAM of the Xilinx ML605 FPGA board with the Virtex-6 XC6VLX240T FPGA over the UDP protocol. Then the digital OFDM signal is send into a 4GS/s @12-bit DAC by the ML605 FPGA board which operates at 125 MHz. The DAC generates the baseband OFDM signals whose amplitude is adjusted to 2Vpp via a variable attenuator and a 13 dB amplifier. Finally, the electrical OFDM signals directly modulate a narrow-line distributed feedback laser (DFB-LD) and then the optical OFDM signal is injected into SSMF. Combined with the time of an entire OFDM frame is 2.072 μs ((80 + 2 + 30 + 16 + 32 + 64 ×2 + 80 × 100) × 0.25 ns = 2.072 μs) as shown in Fig. 4 and since we turn off the high frequency subcarriers of 29,30 and 31, the corresponding bandwidth is 1.75 GHz.
At the receiver, we adjusted the received optical power employing a variable optical attenuator (VOA). The electrical OFDM signal is amplified by a variable amplifier (VEA) after the optical signal is converted to the electronic domain by a 3 GHz PIN detector. Sampled digital signals are de-multiplexed into 32 parallel channels, and the receiver performs the symbol synchronization with the threshold obtained by the threshold setting module. When the symbol synchronization is done, all but the data portion of the OFDM frame is removed. Then the OFDM demodulation is done through a 64-point FFT operation and the channel estimation by the TS is followed. Finally, a BER calculation module is taken to calculate the BER of every OFDM symbol. The actual real-time OFDM-PON system and parameters are depicted in Figure 6 and Table 2 respectively. 
Experimental Results
Verification of the High Accuracy Symbol Synchronization With Fixed Threshold for a Wide Range of the Received Optical Power
In order to verify the accuracy of our calculated threshold Th coarse , we plot the system BER curve in Fig. 7.(a) versus different thresholds as the received optical power (ROP) is −17 dBm and −21 dBm with modulation format of 4QAM after 25 km SSMF transmission. The calculated threshold by equation (3) is in the range where low BERs can be achieved, which demonstrates the accuracy of threshold calculation we designed. In Fig. 7.(b) , we obtain the S error versus different thresholds. The experimental results show that the calculated threshold provides 0 S error , which also proves that the threshold we calculated is accurate.
In fact, we can see that for each received optical power, the synchronization threshold is a range rather than a single one in Fig. 7(a) and (b) . For a calculated threshold we designed, it can actually be adapted to a large SNR range. Therefore, a fixed threshold can actually be used within the SNR range of a system, which is another advantage of our algorithm. As shown in Fig. 7 , the calculated threshold at −21 dBm is actually included in the threshold range of −17 dBm. As long as we use the calculated threshold in the case of low SNR, it can also be applied in the case of high SNR. So we need to confirm the lowest SNR of the system. We experimentally verified the received optical power sensitivity of the BPSK-modulated signal to achieve the BER FEC limit. Experimental results in Fig. 8 show that the lowest SNR is about 11 dB when received optical power is −21 dBm, so the fixed threshold is set to 180 according to Fig. 7 . To verify whether our threshold can be fixed, we compare the system transmission performance using the variable calculated threshold and fixed threshold. It is not difficult to find that a fixed threshold is feasible in our system which will greatly simplify the implementation of the algorithm.
To further analyze the accuracy of the proposed synchronization algorithm, we counted the number of all eight possible synchronization sequences based on 150,000 received frames as using either the one-threshold symbol synchronization algorithm [17] , [18] or the dual-threshold symbol synchronization algorithm when the system at the ROP is around −20 dBm after 25 km SSMF transmission. In order to judge the synchronization accuracy more accurately, we multiplied different synchronization sequences by different factors in the formula (1). Here we set k 0 = 1, k 1 = 0.9, k 2 = 0.8 for S precision calculation. S precision of the dual-threshold synchronization algorithm is around 96.46%, while that of the one-threshold algorithm is only 93.4%. It can be observed in Fig. 9 that more synchronization sequences [1 1 1] and no sequence [0 0 0] were detected using the dual-threshold method which means that there is no error synchronization or loss synchronization at this time. This is because the use of dual thresholds allows for good detection and compensation of small deviations, thereby improving synchronization accuracy.
For symbol synchronization, the synchronization error rate is also an important indicator of synchronization performance. Therefore we compare the S error of the proposed algorithm with [14] and [18] . The result is shown in Fig. 10 . We use offline experiment and the FFT size is set to 64. We can see that all of three synchronization algorithms can be accurately synchronized when the ROP is higher than −19 dBm, the S error is 0. However, since 1-bit cross-correlation operation is used in [14] , this makes the synchronization performance related to the sub-carrier number. When in small IFFT/FFT size OOFDM system, the synchronization performance is more susceptible to noise. Meanwhile, the threshold V in [14] needs to be adjusted according to the SNR, but the threshold of the proposed algorithm can be fixed, so it is easier to implement. The one-threshold algorithm used in [18] will be affected when the system SNR is low. For example, some samples above the coarse threshold appear at the end of the leading zeros, which leads to loss synchronization. However, using the proposed algorithm in this paper, the second synchronization step will reduce the S error by avoid some deviations thus have better synchronization performance. 
Robustness Verification of Wide Transmission Distance Range and SFO Tolerance
Applicable to a wide range of transmission is also a highlight of our algorithm. In Fig. 11 , we compared the synchronization precision rate S precision of both one-threshold and dual-threshold algorithms versus ROP at different fiber lengths. Since we used asynchronous sampling, even if the received optical power is high, there is still a sampling point deviation of about 0 to 1 point. That is the reason why S precision doesn't reach 100%. The dual threshold method always outperforms the one threshold one, especially in the low ROP region and can still achieve 95% synchronization precision rate when the received optical power is as low as −21 dBm.
We can see that <1% S precision degradation can be achieved after 50 km SSMF transmission in Fig. 11 which means the transmission distance within 50 km has almost no effect on our algorithm. To further prove that our synchronization scheme is suitable for longer transmission distances, we captured OFDM frame headers after 50 km, 75 km, and 100 km SSMF transmission using an oscilloscope with a sampling rate of 20GSa/s in Fig. 12 . Even after 100 km transmission, negligible waveform deformation can be observed for the frame header, which means the dualthreshold method can successfully detect the synchronization position. Therefore, the proposed synchronization algorithm is verified to suitable for a wide transmission range which can cover the requirement of the optical access network within 100 km.
The high tolerance for SFO is another aspect of the robustness to the proposed algorithm. From Figure 11 , we know that due to the use of asynchronous sampling clock, 100% S precision cannot be obtained. This is because the 0 to 1 point deviation caused by the floating of the sampling position. Similarly, the SFO will also bring deviations. For example, if there is a SFO of 500 ppm in the system, the time interval of one OFDM frame in the time domain will cumulatively produce a deviation of 4 samples. The synchronization position after 80 leading zeros will accumulate a deviation of 0.04 samples. However, for the synchronization algorithm based on simple amplitude decision proposed in this paper, the deviation does not affect the position of the synchronization decision, therefore has no effect on the synchronization accuracy. To verify the good SFO tolerance of our algorithm, we used the proposed synchronization accuracy criteria to calculate the synchronization accuracy under different SFOs after receiving 100,000 OFDM frames in real-time systems when the received optical power is −16 dBm. The transmitting end uses the AWG to generate transmitted signals with different sampling frequencies. In Fig. 13 , it can be seen that the S precision is almost the same as the result in Fig. 11 , only because the asynchronous clock brings a small synchronization precision loss, which means that SFO has no effect on the proposed algorithm.
Experimental Verification of the System Performance Gain Due to the High Precision of the Proposed Synchronization Algorithm
In order to verify the transmission performance of the OFDM-PON system using the proposed symbol synchronization algorithm, and to further verify that the fixed threshold obtained from Section 4.1 is applicable for different modulation formats, we applied adaptive modulation formats for different subcarriers including BPSK, 4-QAM, 8-QAM, 16-QAM, 32-QAM, 64-QAM and 128-QAM. The modulation format of each subcarrier is determined by the SNR and the set BER threshold. Moreover, in order to implement adaptive modulation in real-time system, we implement a UDP interface to quickly transfer data through the UDP protocol. We compared signal bit rates using the two synchronization algorithms after 25 km SSMF transmission. It can be seen in Fig. 14 that dual-threshold method always provides higher signal bit rate, especially when the received optical power is less than −16 dBm. The dual-threshold method achieves an increase up to a 35%, due to the higher synchronization accuracy. The BER performance in Fig. 14 also shows the proposed algorithm provides a good system performance at a wide range of received optical power after different transmission distances. Table 3 summarizes the complexity comparisons between the dual-threshold method and some conventional symbol synchronization algorithms. To fairly compare the complexity of various symbol synchronization algorithms, they are evaluated in the same IMDD OOFDM system with real-valued OFDM signal generation and detection. Operating L paths in parallel process is assumed. N is the number of FFT points, N cp is the length of the CP, N TS is the length of the training sequence TS. We can see that [12] - [13] need to find the maximum (Max) to determine the correct symbol synchronization position, which is more computationally complex than the threshold detection (TH). XNORs are used in [14] and [15] to replace the multipliers which greatly reduce the computational complexity. Meanwhile, it is noteworthy that the input width of the adder also determines the complexity of the hardware. The input width of the adder in [12] , [13] is the same as the input width of the received data. In [14] , [15] , the input width of the adder is only 1 bit. [16] has a similar method with [14] , [15] using 1-bit quantization that needs only N SS adders to determine the correct timing position where N SS is the length of short TS. However, we only need some subtractions for threshold detection related to the number of paths for parallel process. Therefore, compared with the other symbol synchronization algorithms, our proposed algorithm has the lowest complexity.
Complexity Analysis
As shown in Figure 6 , the real-time OFDM-PON system is implemented on Xilinx Virtex-6 evaluation board ML605 equipped with Virtex-6 XC6VLX240T FPGA. To further demonstrate the hardware resource usage of our synchronization algorithm, the receive side FPGA compilation report is shown in Table 3 . The DSPs consumption for IFFT/FFT and channel compensation is less than 40%. Moreover, for our simple amplitude decision symbol synchronization, no multiplier is needed, the required logic resource for proposed algorithm is 1389 which consumes only 0.9% of the total resources.
To the best of our knowledge, it is the lowest complexity of symbol synchronization algorithm in real-time OFDM-PON systems.
Conclusion
In this paper, we proposed a dual threshold symbol synchronization algorithm based on amplitude decision, where the threshold is set simply due to the channel characteristics of the optical channel. A new symbol synchronization accuracy criterion in time domain is proposed. The experimental results show that the precise symbol synchronization can be achieved as the synchronization precision rate is 95% at received optical power as low as −21 dBm in a real-time IMDD OFDM-PON system. At the same time, the synchronization accuracy is improved and the signal bit rate of the system is increased by up to 35% compared with the one-threshold symbol synchronization algorithm in [18] . Furthermore, algorithm robustness has been proved both in wide transmission range and good SFO tolerance. Finally, the proposed algorithm has the lowest complexity comparing with the existing symbol synchronization algorithms.
